Abstract Adcumulate formation in mafic layered intrusions is attributed either to gravity-driven compaction, which expels the intercumulus melt out of the crystal matrix, or to compositional convection, which maintains the intercumulus liquid at a constant composition through liquid exchange with the main magma body. These processes are length-scale and time-scale dependent, and application of experimentally derived theoretical formulations to magma chambers is not straightforward. New data from the Sept Iles layered intrusion are presented and constrain the relative efficiency of these processes during solidification of the mafic crystal mush. Troctolites with meso-to ortho-cumulate texture are stratigraphically followed by Fe-Ti oxide-bearing gabbros with adcumulate texture. Calculations of intercumulus liquid fractions based on whole-rock P, Zr, V and Cr contents and detailed plagioclase compositional profiles show that both compaction and compositional convection operate, but their efficiency changes with liquid differentiation. Before saturation of Fe-Ti oxides in the intercumulus liquid, convection is not active due to the stable liquid density distribution within the crystal mush. At this stage, compaction and minor intercumulus liquid crystallization reduce the porosity to 30%. The velocity of liquid expulsion is then too slow compared with the rate of crystal accumulation. Compositional convection starts at Fe-Ti oxide-saturation in the pore melt due to its decreasing density. This process occurs together with crystallization of the intercumulus melt until the residual porosity is less than 10%. Compositional convection is evidenced by external plagioclase rims buffered at An 61 owing to continuous exchange between the intercumulus melt and the main liquid body. The change from a channel flow regime that dominates in troctolites to a porous flow regime in gabbros results from the increasing efficiency of compaction with differentiation due to higher density contrast between the cumulus crystal matrix and the equilibrium melts and to the bottom-up decreasing rate of crystal accumulation in the magma chamber.
are recognized as the main mechanisms of intercumulus melt migration during solidification of mafic crystal mushes. Formation of adcumulates, which have trapped liquid fraction below 7% (Irvine 1982) , requires these mechanisms to be highly efficient in segregating the melt from the crystal framework, thought to contain 40-70% intercumulus melt (e.g., Shirley 1986; Philpotts et al. 1998; Jerram et al. 1996 Jerram et al. , 2003 Donev et al. 2004) .
Adcumulates are commonly observed in layered intrusions (e.g., Wager and Brown 1968; Campbell 1978; Charlier et al. 2005; Tegner et al. 2009 ). In the Skaergaard intrusion, their formation has been controversially attributed either to a process of compositional convection (Toplis et al. 2008) or to compaction of the crystal mush McKenzie 2011) . The efficiency of compaction is linked to the density contrast between the crystal network and the intercumulus liquid, while that of compositional convection depends on the density difference between the intercumulus liquid and the main magma body. Deciphering the relative role of the two mechanisms requires a detailed knowledge of the crystallization products and of the evolution of residual liquids, a highly debated subject for Skaergaard (Wager and Brown 1968; Hunter and Sparks 1987; Toplis and Carroll 1996; Tegner 1997; Thy et al. 2006 Thy et al. , 2009 .
The Sept Iles layered intrusion, Canada, exposes a 4.5-km-thick sequence of troctolitic meso-to ortho-cumulates followed by gabbroic adcumulates. The cumulate sequence and equilibrium liquid line of descent have been studied in detail (Namur et al. 2010 (Namur et al. , 2011a ). This intrusion is thus appropriate to further document the processes responsible for intercumulus liquid flow in partly molten crystal mush and for the formation of adcumulate rocks in cumulate sequences resulting from the crystallization of basalts. In this study, the petrography and geochemistry of cumulates from megacyclic unit 1 (MCU I) of the Sept Iles Layered Series are presented and used to calculate the residual porosity, commonly referred to as the intercumulus liquid fraction. Theoretical models for compaction (McKenzie 1984; Sparks et al. 1985) and compositional convection (Tait et al. 1984; Morse 1986 ) are presented to constrain the relative efficiency of these two processes. However, given the poor knowledge of some physical properties of mafic crystal mushes (e.g., thickness, viscosity), theoretical models are found to be unable to unambiguously discriminate these processes. Calculated fractions of intercumulus liquid are then used, together with detailed plagioclase compositional profiles, to show that: (1) the solidification of troctolites is characterized by an initial stage where compaction occurs until a porosity of ca. 30%. Further intercumulus liquid migration results from compositional convection that begins after the saturation of Fe-Ti oxides in the intercumulus melt and is efficient until the residual porosity becomes lower than ca. 10%; (2) gabbroic adcumulate rocks probably result from a combination of compositional convection and compaction, both processes being able to start as soon as the cumulus Fe-Ti oxidebearing crystal framework forms.
The Sept Iles Layered Series MCU I
The Sept Iles layered intrusion is located in Quebec, Canada. It is a large magmatic body of 20,000 km 3 (Loncarevic et al. 1990 ), dated at 564 ± 4 Ma (U-Pb on zircon; Higgins and van Breemen 1998) . The geology of the intrusion was described in detail by Higgins (2005) and Namur et al. (2010 Namur et al. ( , 2011a who demonstrated that it is made up from base to top of a Layered Series with three megacyclic units (MCU) dominated by troctolite and gabbro, an Upper Border Series comprised of anorthosite, and a mostly granitic Upper Series. The parent magma is an iron-rich tholeiitic basalt (i.e., ferrobasalt), and the sequence of crystallization in the three MCU of the Layered Series is plagioclase ? olivine, followed by Fe-Ti oxides (magnetite and ilmenite), then clinopyroxene and finally apatite. In this study, we investigate the first megacyclic unit (MCU I) of the Layered Series because this unit is the most suitable to understand postcumulus processes for two reasons: (1) A complete and continuous section across MCU I is available and (2) the geochemical evolution of this unit corresponds to the differentiation of a single magma batch.
The Layered Series MCU I is 1,785 m thick and is made up from base to top of troctolite (po-C; classification following Irvine 1982; Fig. 1a-c) , Fe-Ti oxide-bearing troctolite (pomi-C; Fig. 1d ), olivine-bearing gabbro (pomic-C), gabbro (pmic-C; Fig. 1e ) and apatite-bearing gabbro (pomica-C; Fig. 1f ). The temporary disappearance of olivine in the gabbroic unit (pmic-C) is a well-known feature of cumulate rocks crystallized from tholeiitic liquids (Morse 1990 ) and has been extensively discussed in Namur et al. (2010 Namur et al. ( , 2011b . Troctolites (po-C) are dominated by plagioclase (54-83 vol.%) and olivine (15-43 vol.%), with intercumulus Fe-Ti oxides (0-4 vol.%), clinopyroxene (0-6 vol.%) and apatite (\1 vol.%; Fig. 2) . Very rare small crystals of accessory phases such as zircon and epidote have been observed in the interstices between cumulus phases. Zoning patterns are observed in most plagioclase crystals and are generally represented by a central anorthite-rich core surrounded by a variably thick rim enriched in the albite component (Fig. 1a) . Olivine is represented by large (up to 20 mm) subhedral or slightly poikilitic crystals (Fig. 1b) . Intercumulus Fe-Ti oxides occur as small (\1 mm) anhedral patches of ilmenite with minor magnetite, while intercumulus clinopyroxene has crystallized as mm-to cm-scale poikilitic grains or as 50-500 lm coronitic rims surrounding plagioclase and olivine (Fig. 1b, c) . Similar rims have recently been interpreted as representing original films of intercumulus melt (Holness 2005; Holness et al. 2007a, b) . Intercumulus apatite is observed as very rare 50-lm-long needle-shaped crystals located in the rims of silicate phases or in the interstices between them. From a textural point of view, the troctolites are massive rocks with randomly oriented plagioclase and olivine. Plagioclase is tabular in shape and has relatively low aspect ratio values (length/width of the crystals; average 2:1; Fig. 3a) , while olivine is generally represented by subcircular crystals. Plagioclase triple junctions are consistently 120°, suggesting a good approach to textural equilibrium (Hunter 1987) . No evidence for mineral lamination is observed in these rocks (Fig. 1a-c) .
Fe-Ti oxide-bearing troctolites (pomi-C) and gabbros (pomic-C, pmic-C and pomica-C) are dominated by plagioclase (3-82 vol.%), Fe-Ti oxides (4-32 vol.%), ±clinopyroxene (2-37 vol.%), ±olivine (2-37 vol.%) and ±apatite (0-8 vol.%; Fig. 2 ). Plagioclase has crystallized as strongly tabular subhedral to euhedral optically unzoned crystals (0.1-5 mm; Fig. 1d , e). Olivine is represented by small (0.2-4 mm) equant to slightly prismatic euhedral crystals (Fig. 1d) . In the pmic-C unit, primary cumulus Fig. 1 Photomicrographs of mineral textures and intercumulus assemblages observed in rocks from the Sept Iles Layered Series MCU I. a Troctolite (po-C) with lath-shaped plagioclase grains and large subhedral to slightly poikilitic olivine grains. Note the strong zoning in plagioclase grains. Sample DC-9-2451, cross-polarized transmitted light. b Troctolite (po-C) with olivine grains surrounded by a rim of intercumulus clinopyroxene. Black spots in olivine represent pits of LA-ICP-MS analyses. Sample DC-9-2202, crosspolarized transmitted light. c Troctolite (po-C) showing plagioclase and olivine cumulus grains enclosed in a mm-scale clinopyroxene oikocryst. Sample DC-9-2334.5, cross-polarized transmitted light. d Fe-Ti oxide-bearing troctolite (pomi-C). Note the mineral lamination described by plagioclase and olivine grains. Sample DC-9-1635, transmitted light. e Gabbro (pmic-C). Arrows show plagioclase lamination wrapping clinopyroxene grains. Sample DC-91261.5, cross-polarized transmitted light. f Apatite-bearing gabbro (pomica-C). DC-9-491.5, transmitted light olivine is absent and this mineral is only represented by 100-to 500-lm-thick rims around Fe-Ti oxide minerals and clinopyroxene. Clinopyroxene occurs as small (up to 5 mm) subhedral to euhedral prismatic crystals (Fig. 1e) . Fe-Ti oxides (6-40 wt%) form large anhedral grains (up to 1 cm; Fig. 1d ). Intercumulus apatite occurs as very small needles, while cumulus apatite (pomica-C unit) is found as abundant mm-sized euhedral crystals (Fig. 1f) . Fe-Ti oxide-bearing troctolites and gabbros (pomi-C; pomi-C; pmic-C; pomica-C) show a drastic textural change compared with troctolites (po-C). Plagioclase forms long tabular crystals with high aspect ratio values (average 3:1; Fig. 3b ), and together with clinopyroxene and locally olivine, they display a very well-defined mineral lamination ( Fig. 1d-f ). Where primarily defined by plagioclase crystals, the lamination locally wraps small rounded clinopyroxene grains or Fe-Ti oxide patches (Fig. 1e ). Plagioclase also locally shows evidence for bent twinning (Fig. 1e) , a feature traditionally interpreted as resulting from mineral deformation due to uniaxial stress (Higgins 1991; Meurer and Boudreau 1998b) .
Sampling
Seventy-three samples were collected in the Layered Series MCU I. All the samples (ca. 40 cm long) come from drillcore BH84699. Stratigraphic positions of the samples were corrected for the local dip of the igneous layering, estimated at 30°south and are reported relative to the ''0-meter'' reference level chosen as the lowest sample containing apatite in MCU II (Namur et al. 2010 ).
Whole-rock major and trace element compositions were measured by XRF at the University of Liège (Belgium). Mineral compositions were measured by EPMA at the University of Clermont-Ferrand (France) for major elements and by LA-ICP-MS at the Australian National University (Australia) for trace elements. Bulk-rock densities were determined in two ways: using Archimedes principle and by calculation using mineral proportions and mineral compositions. Details of analytical methods, including all the preparation techniques and instrument protocols, are described in Electronic Supplementary Materials.
Results

Mineral compositions
Major elements in plagioclase
Plagioclase core-rim compositional profiles have been measured on crystals oriented perpendicular to {010} for 24 samples of the Layered Series MCU I. In samples from the po-C unit and the lower part of the pomi-C unit, profiles toward plagioclase-plagioclase contacts are always zoned and generally show three sections ( Fig. 4a-d ): a central plateau of relatively constant composition (compositional variations lower than 3 mol% An, with An being [Ca/ (Ca ? Na)]), a thin zone of decreasing An content and a variably thick external zone with a constant composition of An 61±1 , independently of the stratigraphic height of the sample. This external zone is locally extended by a fourth zone with compositions decreasing to significantly lower An contents (Fig. 4c) . Compositional profiles toward other cumulus phases (olivine, magnetite or ilmenite) generally show zoning patterns similar to plagioclase-plagioclase contacts, but in rare cases, the central plateau is in direct contact with the other cumulus phase and no significant zoning is observed (Fig. 4d) . In samples from the upper part of the pomi-C unit to the top of MCU I, plagioclase profiles do not show any significant zoning and compositional variations are lower than 3 mol% An (Fig. 4e, f) .
Compositional characteristics observed at the scale of plagioclase crystals may also be described at a sample scale by plotting all the core and rim data for each sample in histograms (Fig. 5) . Core compositions show a relatively symmetric distribution around a well-defined maximum in the mode (Table A1 ; Supplementary Materials). The compositional variability of plagioclase cores is much more pronounced in the lower part of the MCU I (po-C) than in the upper part (pomi-C to pomica-C). Rim compositions also show a broadly symmetric distribution around a maximum in the mode, while some samples show numerous outliers with lower An content. The range of rim compositions is the largest in samples from the po-C unit and the lower part of the pomi-C unit. Moreover, the mode of rim compositions in this stratigraphic interval has a constant value of 61 ± 1 mol% An, independently of the stratigraphic position of the sample. This value is significantly lower than the mode of core compositions. Consequently, rim and core compositions as a function of the stratigraphic height are fitted with two different linear regressions that converge at 61 mol% An in the middle part of the pomi-C unit (Fig. 6 ). In contrast, for samples from the pomic-C unit to the top of MCU I, the mode of rim compositions is almost identical to that of core compositions (Figs. 5, 6 ).
Trace elements in cumulus phases
Some trace elements have been analyzed in the cumulus phases (P in plagioclase, olivine, clinopyroxene and Fe-Ti oxides; Zr, Cr and V in plagioclase, olivine and Fe-Ti oxides; Table A2 ; Supplementary Materials) and will be used in the following to determine the contribution of these minerals to the geochemical signature of whole-rock cumulates. This is of crucial importance to accurately calculate the intercumulus liquid fractions in these rocks.
In plagioclase and olivine, P ranges, respectively, from 54 to 129 ppm and from 82 to 295 ppm and increases continuously from the po-C unit to the top of the pmic-C unit, before decreasing in the pomica-C unit, probably as a result of P-depletion in the liquid due to cumulus apatite crystallization. The P content of clinopyroxene does not show any systematic evolution with differentiation and scatters between 43 and 75 ppm, while P concentrations are lower than 2 ppm in magnetite and 3 ppm in ilmenite. The Zr content is below the detection limit (\0.1 ppm) in olivine and plagioclase. Cr and V contents in plagioclase are very low (\2 ppm) and do not show any systematic evolution with differentiation. Cr in olivine scatters between 3 and 5 ppm in the po-C unit and then decreases to values lower than 1 ppm toward the top of the Layered Series MCU I. V in olivine is very low (\2 ppm) throughout the MCU I. In magnetite, the Cr and V contents range, respectively, from 16 to 4,889 ppm and from 2,271 to 5,638 ppm and decrease continuously from the base of the pomi-C unit to the top of MCU I. Zr in magnetite is low and scatters between 1 and 7 ppm. Ilmenite shows a similar evolution for Cr (6-312 ppm) and V (125-1,024 ppm) and is significantly enriched in Zr (114-315 ppm).
Whole-rock trace element contents
The evolution of P 2 O 5 , Zr, Cr and V is illustrated in Fig. 7 and will be used here to quantify the amount of intercumulus melt in cumulate rocks (Table A3 ; Supplementary Materials). The P 2 O 5 content is low in most samples of MCU I (from po-C to pmic-C; 0.02-0.10 wt%) and jumps at the base of the pomica-C unit (1.74-3.25 wt%), corresponding to the onset of cumulus apatite crystallization ( Fig. 7a ). Figure 7b shows the details of P below the appearance of cumulus apatite. The po-C unit and, to a lesser extent, the pomi-C unit display large sample-tosample fluctuations of P content ranging from less than 150 to 500 ppm at a scale of 30-250 m. In the pomic-C and pmic-C units, P contents are more homogeneous and relatively low (70-320 ppm). Zr ranges from 16 to 70 ppm and increases slightly from the po-C unit to the pmic-C unit, before decreasing in the pomica-C rocks (Fig. 7c) . The whole-rock Cr content is low in the po-C unit (13-19 ppm; Fig. 7d ) and jumps at the base of the pomi-C unit (137-345 ppm) before decreasing significantly in the upper part of this unit. It is then low to the top of MCU I (2-102 ppm). V is low in po-C rocks (51-86 ppm; Fig. 7e ) and increases throughout the pomi-C unit (206-1,163 ppm), before decreasing continuously to the top of MCU I (pomic-C; pmic-C; pomica-C: 17-1,010 ppm). The increase in Cr and V at the base of the pomi-C is related to the appearance of cumulus Fe-Ti oxides. Saturation of these minerals results in a strong depletion of the Cr and V content of the liquid (Namur et al. 2011a) , explaining the continuous decrease in the whole-rock Cr and V content toward the top of MCU I.
Whole-rock densities
Measured bulk-rock densities in the po-C unit are the lowest of MCU I and are highly homogeneous (2.78-3.01 g/cm 3 ; Fig. 7f ; Table A3 ). After the appearance of cumulus Fe-Ti oxides, the bulk-rock densities increase significantly (2.91-3.94 g/cm 3 ). The calculated densities (see Electronic Supplementary Materials) of the cumulus crystal matrix at the liquidus temperature (2.81-3.96 g/cm 3 ) are relatively similar to the measured ones and mimic their stratigraphic variations.
Residual liquid versus stratigraphic height and physical properties of Sept Iles liquids
The Sept Iles parent magma is inferred to be a tholeiitic basalt (48 wt% SiO 2 ; 15 wt% FeOt; 0.4 wt% H 2 O; Namur et al. 2010 Namur et al. , 2011b . The liquid line of descent has the following characteristics: (1) Crystallization of troctolites drives the parent magma along a tholeiitic trend with FeOtenrichment (up to 17 wt%) and slight SiO 2 -depletion (down to 47 wt%); (2) saturation of Fe-Ti oxides and clinopyroxene drives the residual liquid along a FeOtdepletion and SiO 2 -enrichment trend, ultimately leading to the formation of A-type granites.
The saturation of Fe-Ti oxides and apatite is estimated to occur, respectively, when the proportion of residual liquid in the magma chamber (F) is 0.86 and 0.52. Clinopyroxene saturates when F = 0.72 and the equilibrium plagioclase is An 60 (Namur et al. 2011a ). Namur et al. (2010) also defined the stratigraphic height (H, in m) in the Layered Series MCU I at which plagioclase and olivine (-4,210 m), Fe-Ti oxides (-3,680 m), clinopyroxene (-3,375 m) and apatite (-2,575 m) become cumulus phases. By combining stratigraphic and residual liquid data, the proportion of residual liquid in the magma chamber can be calculated at each stratigraphic height with the equation:
Liquid density and viscosity calculations were performed, respectively, following the expressions of Bottinga and Weill (1970) and Giordano et al. (2008) , with thermal expansion and compressibility data from Lange and Carmichael (1987) , Kress and Carmichael (1991) , Toplis et al. (1994) , Lange (1997) and Ochs and Lange (1997; 1999) . Liquidus temperatures were calculated using the relation between the melt MgO content and the temperature experimentally observed by Toplis and Carroll (1995) , and the liquid FeO/Fe 2 O 3 ratios were estimated by assuming fO 2 conditions along the FMQ buffer (Namur et al. 2010) . Liquid density increased from 2.70 to 2.75 during crystallization of po-C rocks and then decreased continuously down to 2.63 g/cm 3 due to fractionation of Fe-Ti oxide-bearing cumulates ( Fig. 8a ; Table A4 ; Supplementary Materials). With differentiation, liquid viscosity increased continuously from 45 to 302 Pa.s ( Fig. 8b; Table A4 ), values in good agreement with those measured on natural FeO-rich basalts (Sato 2005; Ishibashi and Sato 2007) .
Intercumulus liquid fraction in cumulate rocks
Assumptions and methodology for calculation
The whole-rock composition of a cumulate sample is determined by the relative contributions of the crystallized intercumulus liquid and that of the cumulus crystal matrix. For an element i, it can be expressed by the following equation:
with
where X IL is the intercumulus melt fraction, c
Liq i is the concentration of element i in the liquid, X j is the modal fraction of the cumulus phase j in the cumulate and c j i is the concentration of element i in phase j.
Following Eq. 2, the proportion of intercumulus liquid (X IL ) can be determined using the concentration of an element i in the whole-rock (c WR ) when the concentration of i in the equilibrium melt (c Liq ) and in the crystal matrix
The proportions of the different cumulus phases are however initially unknown and cannot be directly estimated from the bulk modal proportions due to the presence of intercumulus material. We have thus determined the relative proportions of the intercumulus liquid and the different cumulus phases by least-squares linear regression of Eq. 2. The bulk-rock composition (c WR ) of each sample, the equilibrium liquid composition (c Liq ) and the compositions of the cumulus phases (c j ) were used as input data. Mineral compositions used in Eq. 2 have been calculated for P, Zr, Cr and V using the liquid composition and appropriate partition coefficients. The latter were determined using Sept Iles liquid compositions at the appearance of each cumulus phase and trace element mineral compositions. Values are reported in Table A2 (Supplementary Materials) and are found to be very similar to those reported in the literature (e.g., Libourel 1999; Bindeman et al. 1998; Klemme and Blundy 2002; AignerTorres et al. 2007 ). is the bulk partition coefficient of element i between the liquid and the crystal mush. The trace element composition of the Sept Iles parent magma was determined by Namur et al. (2010) and used as the starting composition in our calculations (P: 2,849 ppm; Zr: 152 ppm; Cr: 48 ppm; V: 241 ppm).
As a first approximation (iteration 1), the evolution of the liquid trace element content (c Liq i ) was calculated using Eq. 4 by simulating perfect adcumulus growth (i.e., no intercumulus liquid is considered) and using cotectic proportions given by Namur et al. (2011a) for Sept Iles liquids. Using the calculated c Liq i curve with differentiation (see the example of P in Fig. 9a ), X IL values were determined by least-squares regression of Eq. 2 for each sample. Then, a second set of calculations of c Liq (iteration 2) was performed by incorporating the effect of the intercumulus melt (X IL calculated from iteration 1) and assuming that its composition equals that of the main magma body, i.e., the partition coefficients equal unity. Including the effect of intercumulus melt in the calculations (iteration 2) only slightly reduces the liquid P 2 O 5 , Zr, Cr and V contents at each step of fractionation (see P in Fig. 9a) . A second series of X IL values was then calculated by least-squares regression of Eq. 2. Adding more iteration steps was tested, but the results are fundamentally the same as those presented here.
Intercumulus liquid fractions X
IL values based on P content, which record the fraction of intercumulus liquid in the cumulate at the timing of apatite saturation, range from 0 to 0.154 (Fig. 9b) . In the po-C unit and to a lesser extent in the lower part of the pomi-C unit, low and high X IL values alternate at a scale of 30-250 m. In the upper part of MCU I (pomic-C and pmic-C units), X IL values are much more homogeneous and relatively low (0-0.06). For cumulates in the po-C unit, X IL values are high (0.10-0.28; Fig. 9c ) when calculated using Zr, which is moderately compatible in ilmenite and strongly enriched in accessory phases such as zircon, although these accessory phases are extremely rare in Sept Iles cumulates. X IL values are even higher when calculated using Compaction and compositional convection: Theoretical models
Compaction
Compaction of the crystal mush expels interstitial liquid by squeezing it out of the mush due to deformation of a dense crystal matrix. Theoretical and experimental simulations together with studies of natural samples suggest high initial porosities for cumulate rocks (e.g., 40-70%; Shirley 1986; Philpotts et al. 1998; Jerram et al. 1996 Jerram et al. , 2003 Donev et al. 2004) . In a crystal mush that accumulates at the floor of a magma chamber, the lower part is a compacting layer with a theoretical thickness given by d c (compaction length scale in m), while the upper part is not compacted. However, in most cases, the real thickness of the compacting layer (h in m) is smaller than the compaction length scale. With time, the compaction front moves upward through the crystal mush. The porosity decrease in the compacting layer results from the expulsion of the intercumulus melt and potentially from its progressive crystallization (Meurer and Boudreau 1998a; McKenzie 2011) . Equations for compaction have been formulated by McKenzie (1984 McKenzie ( , 1985 and Sparks et al. (1985) and are fully described in Supplementary Materials. They require the simplification of textural equilibrium between the crystals and the liquid in the crystal mush, i.e., there is no occlusion of the pores when the residual porosity is low (Hunter 1987; Mathez et al. 1997) . Compaction is an efficient mechanism for producing adcumulate rocks when the velocity of liquid expulsion (x -W; m/s) is higher than the rate of crystal accumulation (Sparks et al. 1985) .
Calculations of compaction of the Sept Iles crystal mush were performed assuming the following physical properties: (1) Two average grain sizes were used: 4 mm for the po-C unit and 2 mm for Fe-Ti oxide-bearing rocks (pomi-C to pomica-C); (2) by analogy with the Skaergaard intrusion, the crystal matrix viscosity is assumed to be between 10 15 and 10 17 Pa.s McKenzie 2011) . Calculations were performed with a viscosity of 10 15 Pa.s, which gives an upper estimate for the compaction efficiency; (3) the viscosity of the Sept Iles parent magma (45 Pa.s) was used for po-C cumulates and the liquid viscosity at the saturation of Fe-Ti oxides (85 Pa.s) was used for Fe-Ti oxide-bearing cumulates. Because the liquid viscosity increase during differentiation was not taken into account, the efficiency of compaction may have been overestimated; (4) fractionation densities (q s À q l ) are relatively low in the po-C unit (0.09-0.32 g/cm 3 ) and increase at the appearance of cumulus Fe-Ti oxides (from pomi-C to pomica-C; 0.22-1.31 g/cm 3 ; Fig. 8c ). Average fractionation densities for the different cumulus assemblages were used in compaction modeling (po-C: 0.17 g/cm 3 ; pomi-C to pomica-C: 0.67 g/cm 3 ). While the expulsion of the intercumulus liquid from the crystal mush by compaction is a continuous phenomenon, equations currently available allow only stepwise modeling of this process (e.g., McKenzie 1984 McKenzie , 1985 Sparks et al. 1985; Shirley 1986 ). Each step corresponds to a reduction of porosity by a factor e (2.718), i.e., from / i , corresponding to the initial porosity before each step, to / i /e. Three steps were used here (/: 0.6-0.22; /: 0.22-0.08; /: 0.08-0.03) and allow investigation of the potential efficiency of the compaction process from the initial porosity of Sept Iles cumuluates (/: 0.6) to the formation of adcumulate rocks (/: \0.07). Figure 10 shows that the velocity of liquid expulsion increases with the thickness of the crystal mush and decreases with the residual porosity. For po-C cumulates, the highest velocity of liquid migration is reached when the crystal mush is at least 31 m thick. In this case, the liquid is expelled at a rate of 2.5 m/year in the porosity interval 0.6-0.22; this rate decreases to 0.7 and 0.1 m/year for porosity intervals of 0.22-0.08 and 0.08-0.03, respectively (Fig. 10a) . For Fe-Ti oxide-bearing cumulates, the highest velocity is achieved for a crystal mush ca. 10 m thick 
Compositional convection
Saturation of Fe-Ti oxide minerals during differentiation of tholeiitic melt is responsible for a transition from a trend of increasing liquid density to one of decreasing liquid density Hunter and Sparks 1987; Namur et al. 2011b) . When occurring in the pore space, saturation of Fe-Ti oxide minerals may locally decrease the density of the intercumulus melt to values lower than the density of the overlying magma in the main magma chamber. In this case, the intercumulus melt may be continuously expelled from the crystal mush through convective separation of the melt from growing crystals and replaced in the pore space by the overlying liquid. This compositional convection process maintains the pore melt at a constant composition (Tait et al. 1984) .
The mathematical expressions for compositional convection were provided by Tait et al. (1984) , Sparks et al. (1985) and Kerr and Tait (1986) and are described in Supplementary Materials. Instability occurs in the porous medium and leads to intercumulus melt convection when the dimensionless local solutal Rayleigh number (R a ) of the compositional porous boundary layer exceeds a critical value (25-80; Lapwood 1948; Nield 1968; Sparks et al. 1985; ). Compositional convection is efficient at producing adcumulate rocks when the velocity of liquid flow (characteristic Fig. 9 a Calculated P content of residual liquids as a function of stratigraphic height. Calculations were carried out using the stepwise Rayleigh fractionation model (see text for details). The solid curve (iteration 1) assumes adcumulus differentiation, while the dashed curve (iteration 2) takes into account the presence of intercumulus melt in the crystal mush during fractionation. b Fraction of intercumulus melt calculated from the whole-rock and liquid P contents, see text for details on the methodology of calculation. c Fraction of intercumulus melt calculated using Zr. d Fraction of intercumulus melt calculated using Cr. e Fraction of intercumulus melt calculated using V convective velocity; v c ) is higher than the rate of crystal accumulation (Kerr and Tait 1986) .
Calculations were performed by considering the following physical parameters: (1) average grain sizes: 4 mm for the po-C unit and 2 mm for Fe-Ti oxide-bearing rocks (pomi-C to pomica-C); (2) magma viscosities of 45 Pa.s (po-C) and 85 Pa.s (pomi-C to pomica-C); (3) a density contrast across the boundary layer of 0.01 g/cm 3 (Tait et al. 1984) ; (4) a melt diffusivity of 10 -12 m 2 /s for the chemical species involved in the convection process (Hofmann 1980; Tait et al. 1984; Henderson et al. 1985) .
The Rayleigh number (R a ) continuously decreases with the residual porosity, which controls the permeability, and with the thickness of the crystal mush (see Supplementary Materials). Considering a critical R a value of 25, the minimal crystal mush thickness required to allow compositional convection at the lowest porosity values observed in Sept Iles rocks (/: \0.1) is ca. 90 m for po-C cumulates and ca. 200 m for Fe-Ti oxide-bearing cumulates (Fig. 10c) . The convective velocity of the intercumulus melt flow also decreases continuously with the residual porosity. Velocities as slow as 1 and 0.1 m/year are Fig. 10 Results of theoretical modeling of compaction and compositional convection in the crystal mush of the Sept Iles Layered Series MCU I. a Calculated rate of compaction of a crystal mush with plagioclase, olivine and liquid (po-C cumulates) as a function of the thickness of the compacting layer. The decrease in porosity due to compaction was modeled stepwise, and three steps are shown: /: 0.60-0.22; 0.22-0.08; 0.08-0.03. The rates of crystal accumulation (CAR) estimated from the thermal analysis of Irvine (1970) and as discussed by Morse (2011) are also shown (see text for explanation). b Calculated rate of compaction of a crystal mush with plagioclase, Fe-Ti oxides, ±olivine, ±clinopyroxene, ±apatite and liquid (pomi-C to pomica-C cumulates) as a function of the thickness of the compacting layer. c Minimum crystal mush thickness allowing compositional convection to be operative (R a [ 25) . Results are presented for Fe-Ti oxide-free cumulates (po-C) and for Fe-Ti oxidebearing cumulates (pomi-C to pomica-C). d Evolution of the characteristic convective velocity (v c ) as a function of mush porosity. d c = compaction length-scale parameter, a = grain size radius, / = porosity; q s -q l = fractionation density (density of the crystal matrix -density of the melt); l = viscosity of the liquid; D = diffusivity of the elements involved in the convection process; Dq = density contrast across the boundary layer; l = viscosity of the liquid calculated, respectively, for po-C and Fe-Ti oxide-bearing cumulates (pomi-C to pomica-C) at the lowest porosity values of Sept Iles cumulates (Fig. 10d) . In contrast to what is calculated here, it is of interest to note that Morse (1982 Morse ( , 1986 Morse ( , 1988 suggested that compositional convection could be an operative mechanism even if the crystal mush is only a few cm thick.
Discussion
Efficiency of compaction and compositional convection
Insight from theoretical models
The low fractions of intercumulus liquid calculated in the previous sections indicate that most of the interstitial liquid was expelled from the crystal mush or exchanged by liquid from the main magma chamber during solidification of the Sept Iles cumulates. An immobile intercumulus melt would have reached saturation in Fe-Ti oxides, apatite and zircon in each sample, and X IL values calculated using P, Zr, Cr and V should therefore give similar results approaching 0.6, which is obviously not the case. However, po-C cumulates show evidence for crystallization of intercumulus liquid such as plagioclase zoning and contrasted X IL when calculated on the basis of elements incorporated in Fe-Ti oxides (Cr, V and Zr) or in apatite (P). This indicates that the intercumulus liquid was not expelled very efficiently at the onset of formation of the cumulus framework or that it stayed temporarily immobile during the solidification history of the crystal mush. The very low X IL values calculated on the basis of P for all the rocks nevertheless indicate that the last stage of liquid migration only stopped when the residual porosity was very low (/: \0.1). For such low porosity values, it is reasonable to suggest that the percolation threshold was reached and that X IL values calculated on the basis of P represent the actual trapped liquid fractions (Cheadle et al. 2004; Tegner et al. 2009 ).
The ability of compaction and compositional convection in producing intercumulus liquid migration at the lowest porosity values observed in Sept Iles cumulates depends on two parameters that are largely unknown: (1) the thickness of the crystal mush and (2) the rate of crystal accumulation at the floor of the magma chamber (Fig. 10) . Concerning the crystal mush thickness, it has been calculated that at least 10 and 90-200 m are required to allow, respectively, compaction and compositional convection to be efficient (Fig. 10) . The thickness of the crystal mush at the floor of mafic intrusions is generally thought to be in the range of tens to hundreds of meters (Sparks et al. 1985; Jaupart 1989, 1992; Marsh 1996; Mathez et al. 1997; MacLeod and Yaouancq 2000) .
However, recent studies based on plagioclase-plagioclaseclinopyroxene dihedral angles suggest that it may be thinner than 10 m (Holness et al. 2007c (Holness et al. , 2011 . Another argument in favor of thin crystal mushes in mafic layered intrusions is the absence of significant deformation of the layering beneath blocks (basaltic, anorthositic and troctolitic) in the Layered Series of the Skaergaard intrusion (Irvine et al. 1998) . However, given the poor knowledge of crystal mush rheology (Pinkerton and Norton 1995; Dimanov et al. 1998) , constraining the crystal mush thickness using the deformation of the layering is presently highly speculative. Comparison of our calculations with estimates from the literature suggests that the highest proposed values for crystal mush thickness (e.g., hundreds of meters) would theoretically allow both compaction and compositional convection as mechanisms of intercumulus liquid migration, while the lowest values (less than 10 m) would only allow compaction to be operative.
The rate of crystal accumulation at the base of the Sept Iles layered intrusion may be estimated from the thermal analysis of Irvine (1970) for large magma chambers. Assuming a rate of crystal accumulation of 19.6 m/year 1/2 , a value considered realistic for the Bushveld, Dufek and Skaergaard intrusions (Irvine 1970; Tegner et al. 2009 ), the estimated accumulation rate is high during the initial stages of crystallization and decreases continuously with time following a second-order polynomial curve. By approximating this curve as a series of line segments, crystal accumulation is calculated to be ca. 1 m/year for the po-C unit, decreasing continuously upwards (pomi-C: 0.3 m/ year; pomic-C: 0.1 m/year; pmic-C: 0.06 m/year; pomica-C: 0.02 m/year). However, the rather high crystal accumulation rates, especially for po-C cumulates, contrast with the values commonly accepted for crystal accumulation rate at the floor of mafic layered intrusions (\0.1 m/year; Morse 1979 , Sparks et al. 1985 Nielsen 2004 ). In the assumption of a high accumulation rate for po-C cumulates (e.g., 1 m/year), compaction cannot be efficient at expelling the intercumulus melt when the residual porosity is lower than 0.22 (Fig. 10a) . However, such a high rate of crystal accumulation has no effect on the efficiency of compositional convection (Fig. 10d) . In contrast, for lower rates of crystal accumulation (\0.1 m/year), compaction of the crystal mush and compositional convection may both operate even at the lowest porosity values observed in Sept Iles cumulates (/: \0.1).
In the absence of accurate estimates for the thickness of the crystal mush, the rate of crystal accumulation at the floor of the magma chamber and the efficiency of compositional convection in very thin crystal mushes (Tait et al. 1984; Morse 1986 Morse , 1988 Tait and Jaupart 1989) , theoretical models cannot be used to unambiguously determine the relative efficiency of compaction and Contrib Mineral Petrol (2012 ) 163:1049 -1068 1061 compositional convection at segregating the intercumulus melt from the Sept Iles cumulates. In the following discussion, whole-rock geochemical data and plagioclase compositional profiles will be used to constrain the relative contributions of these two processes in producing meso-to ortho-cumulates with low P content in the po-C unit and adcumulates in the upper part of MCU I.
Insight from intercumulus liquid fractions
The contrasting fractions of intercumulus liquid (X IL ) in po-C rocks when calculated on the basis of Cr, V and Zr on the one hand and on the basis of P on the other hand may be used to constrain the mechanisms of intercumulus melt flow within the cumulus crystal framework. In po-C cumulates, X IL values are high when calculated using elements strongly partitioned into Fe-Ti oxides (Cr and V: ca. 0.25-0.35; Zr: 0.10-0.25) and do not show any systematic evolution with stratigraphic height. In contrast, X IL values are low when calculated using P (0.0-0.15, with most samples below 0.10). Contrasting X IL values derived from elements with different degrees of bulk compatibility are traditionally interpreted as evidence of crystallization of the intercumulus melt during liquid flow caused by compaction (Meurer and Boudreau 1998a) . However, these combined processes cannot explain the relatively constant X IL values calculated using Cr, V and Zr for all po-C samples. With increasing stratigraphic height in the po-C unit, the liquid that is initially located between cumulus crystals becomes progressively more evolved and compositionally close to saturation in Fe-Ti oxides. Consequently, the degree of intercumulus liquid differentiation and the time available for liquid expulsion before local saturation of Fe-Ti oxides continuously decreases upwards. In the hypothesis of crystallization during liquid flow, the fraction of intercumulus liquid at saturation of Fe-Ti oxides must thus increase upwards and approach the value of the initial porosity (/: 0.5-0.7; Fig. 11 ), while relatively constant values are observed (/: 0.3; Fig. 11 ). Consequently, we suggest that a mechanism initially operated to reduce the porosity to a critical value of ca. 0.3 and then stopped. This value was reached before local saturation of Fe-Ti oxides in the intercumulus melt, assuming that the liquid becomes highly depleted in Cr and V soon after the saturation of magnetite (Namur et al. 2010 (Namur et al. , 2011a ; Fig. 7 ). This suggests that the initial velocity of liquid expulsion was high (McKenzie 2011) . Given the increase in residual melt density before the saturation of Fe-Ti oxides (Fig. 8) , compositional convection cannot have operated and compaction of the crystal mush is therefore thought to be the only possible mechanism to reduce the porosity to a value of 0.3.
The termination of compaction at a residual porosity of 0.3 is presumably related to the velocity of liquid expulsion falling below the rate of crystal accumulation. The very low X IL values calculated on the basis of P nevertheless indicate that another process occurred to expel or exchange much of the residual intercumulus melt after the local saturation of Fe-Ti oxides. The decrease in residual melt density after the crystallization of Fe-Ti oxides may theoretically have allowed compositional convection to operate. This process is efficient even when the rate of crystal accumulation is as high as 1 m/year (Fig. 10d) . Compositional convection continuously exchanged intercumulus melt with the overlying melt, thereby maintaining a constant pore liquid composition. This liquid composition was close to that of the first Fe-Ti oxide-saturated melt and was therefore not saturated in apatite, thus explaining the very low X IL values calculated on the basis of P. Crystallization of the intercumulus melt contemporaneously with compositional convection reduced the residual porosity until the percolation threshold was reached (/: \0.1; Fig. 11 Theoretical model showing the evolution of the proportion of intercumulus melt recorded by elements strongly partitioning into FeTi oxides (e.g., Cr) in the po-C unit. Crystallization of the intercumulus liquid occurs as compaction expels the liquid from the crystal mush. Two theoretical curves are shown: (1) slow rate of intercumulus liquid crystallization where the proportion of intercumulus liquid that reached Fe-Ti oxide-saturation is mainly controlled by the rate of liquid expulsion during compaction; (2) rapid intercumulus liquid crystallization where the proportion of intercumulus liquid that reached Fe-Ti oxide-saturation is mostly controlled by the rate of liquid crystallization. The calculated proportion of intercumulus melt (based on whole-rock Cr content) that reached FeTi oxide-saturation in po-C cumulates is shown for comparison Cheadle et al. 2004) . At this stage, liquid exchange ceased and the trapped liquid evolved to the saturation of latestage phases such as apatite, thus explaining the presence of minor P in whole-rock po-C cumulates.
Insight from plagioclase compositional profiles
The geochemical consequences of compaction and compositional convection can be observed in the zoning patterns of minerals with low diffusivity rates, such as plagioclase. While the constant core composition is well known to result from near isothermal crystallization in the magma body in slow cooling conditions, rim compositions will be highly dependent on postcumulus processes. Compaction may result in two different compositional profiles: (1) If efficient compaction occurs, the intercumulus melt can be expelled as soon as the cumulus framework is formed. The cumulus plagioclase core is then not surrounded by any intercumulus rim; (2) if the velocity of liquid expulsion is slower than the rate of intercumulus liquid crystallization, the cumulus plagioclase core is surrounded by an intercumulus rim increasingly enriched in albite. Compositional convection may also have two different effects on zoning patterns. They depend on the timing of convection onset: (1) If crystallization of the first intercumulus phases locally decreases the density of the melt, the core will be surrounded by a unzoned intercumulus rim, which is virtually indistinguishable from the absence of postcumulus overgrowth; (2) if crystallization of the first intercumulus phases locally increases the melt density, compositional convection does not occur and the core is surrounded by an intercumulus rim increasingly enriched in albite. When Fe-Ti oxides saturate in the pore space, the intercumulus melt density starts to decrease Hunter and Sparks 1987; Namur et al. 2011b) . In this case, compositional convection may begin and the pore space at the base of the mush can thus be filled up with a liquid of uniform composition. Crystallization of this liquid results in the formation of an external intercumulus rim of constant composition around plagioclase crystals.
Plagioclase crystals from the po-C unit and the lower part of the pomi-C unit are all characterized by a relatively primitive core (An [61 ) surrounded by an intercumulus rim with two different compositional zones: (1) a thin internal zone of decreasing An content outward and (2) a variably thick external zone buffered at An 61±1 (Fig. 4) . The internal rim may be explained by intercumulus liquid crystallization during compaction (Meurer and Boudreau 1998a) , but the external rim of constant composition can only be explained by compositional convection keeping the intercumulus melt at a constant composition. This mechanism began to operate when the intercumulus melt became saturated in a plagioclase of composition An 61 . Interestingly, in the Layered Series, cumulus plagioclase with a composition of An 61 occurs in the middle part of the pomi-C unit (Fig. 6 ). This indicates that the external rims on plagioclase from the po-C unit and the lower part of the pomi-C unit were in equilibrium with an intercumulus liquid that was saturated in Fe-Ti oxides but not yet in clinopyroxene (Namur et al. 2011a) . The density maximum of Sept Iles liquids occurs at the saturation of Fe-Ti oxides (Fig. 8) , when plagioclase has a composition of An 63 (Fig. 6) . There is thus a significant offset between the saturation of Fe-Ti oxides, i.e., the initiation of decreasing liquid density, and the start of compositional convection. The explanation for this offset is that a sufficient density difference between the intercumulus liquid and the overlying liquid must be reached to initiate compositional convection (Toplis et al. 2008) .
General model for the mobility of intercumulus melt Geochemical data outlined above allow us to propose a 3-stage model for the complete solidification of the po-C cumulates:
1. The parental magma (q = 2.70 g/cm 3 ) starts to crystallize plagioclase and olivine cumulates with an initial porosity of 0.5-0.7 (Fig. 12a) . The plagioclase crystallizing at the bottom of the mush has a composition of ca. 67 mol% An (Fig. 12a) ; 2. The intercumulus melt initially crystallizes plagioclase and olivine, which causes an increase in the liquid density (Fig. 12b) . Crystallization of the intercumulus melt is faster than that in the main magma body, which has the effect of producing a stable liquid density distribution within the magma chamber. Compaction of the crystal mush occurs together with minor contemporaneous crystallization of the intercumulus melt (McKenzie 2011); both processes contribute to progressively reduce the porosity to ca. 0.3 (Fig. 12b) . During this stage, the intercumulus melt crystallizes a thin plagioclase overgrowth evolving outward from An 67 to An 61 (Fig. 12b) ; 3. Saturation of intercumulus Fe-Ti oxides at the bottom of the crystal mush reduces the density of pore liquid, thus producing an unstable distribution of liquid densities within the crystal mush, which initiates compositional convection (Fig. 12c) . The liquid in the main magma body is not involved in the convection process because the dense intercumulus melt in the upper part of the crystal mush acts as a physical barrier. Convection allows the liquid at the bottom of the crystal mush to maintain a uniform composition and to crystallize external plagioclase rims with constant composition (An 61 ; Fig. 12c ). With compaction no longer operating, the porosity reduction of the crystal mush results entirely from this in situ crystallization of the intercumulus melt. When the porosity becomes very low (\0.1), the percolation threshold is reached and the intercumulus liquid becomes effectively trapped (Cheadle et al. 2004 ). Differentiation of trapped liquid leads to the saturation of apatite, thus explaining the low amounts of P in po-C samples and the outermost rim with low An content (\An 60 ) around some plagioclase crystals.
The adcumulate nature of Fe-Ti oxide-bearing cumulates (pomi-C to pomica-C) may be explained by compaction of the crystal mush, which is facilitated by (1) the high density contrast between the cumulus crystal matrix and the equilibrium melts and (2) the decreasing rate of crystal accumulation from base to top in the magma chamber (Irvine 1970) . The saturation of Fe-Ti oxides in the main magma body also allows compositional convection to operate as soon as the cumulus framework forms. In contrast to po-C rocks, where compaction and compositional convection occur successively, it is highly probable that these two processes occur together during the solidification of Fe-Ti oxidebearing cumulates. The distribution of the last fraction of intercumulus melt in Sept Iles cumulates, as recorded by the whole-rock P content, is significantly different in po-C rocks and Fe-Ti oxide-bearing rocks (pomi-C to pmic-C). In po-C, the distribution of P is heterogeneous, and high and low values alternate at a scale of 30-250 m (Fig. 9b) . In pomi-C to pmic-C cumulates, the distribution of the whole-rock P content is less variable, suggesting that the last fraction of intercumulus melt was homogeneously distributed throughout the mush.
Little direct information is available in the literature concerning fluid flow dynamics in cumulate rocks from layered intrusions (e.g., Irvine 1980; Larsen and Brooks 1994) . However, studies of rocks from the upper mantle and experimental simulations of liquid migration in porous media have shown that liquid may ascend a partly molten rock column (e.g., peridotite) either through a pervasive porous flow or through a channelized flow (Kelemen et al. 1995 (Kelemen et al. , 1997 Ertan and Leeman 1996; Beccaluva et al. 2004; Van Den Bleeken et al. 2010 ). In the mantle wedge, whether the liquid migrates as a porous flow or as a channel flow depends on processes of reactive infiltration-dissolution (Daines and Kohlstedt 1994; Morgan and Liang 2003) and also on the grain size of the porous medium (Wark and Watson 2000) . Planar mineral fabrics such as lamination are also likely to exert a control on the fluid flow dynamics (Vanderhaege 2001) . Here, we interpret the contrasting distribution of the last fractions of intercumulus melt in cumulates from the Sept Iles MCU I as resulting from two mechanisms of liquid migration: as channels in po-C cumulates and as a porous flow in Fe-Ti oxide-bearing cumulates. In po-C cumulates, we have shown that compaction initially occurs until the porosity reaches a value of 0.3. The final porosity reduction is then achieved by crystallization of the intercumulus melt during fluid flow exchange by compositional convection. Compositional convection is well known to frequently develop channel flow during liquid migration (Bédard et al. 1992; Worster 1992; Emms and Fowler 1994; Morse 2008) , especially in rocks where minerals show contrasted grain sizes, such as troctolites (Wark and Watson 2000) . Channelization of the intercumulus liquid is thus interpreted as being responsible for the heterogeneous distribution of P in po-C cumulates. In Fe-Ti oxide-bearing cumulates (pomi-C to pomica-C), the porosity reduction may result from compaction of the crystal mush, compositional convection or a combination of both. The homogeneous distribution of the last fraction of intercumulus melt within the pore space indicates that compaction may have been the major process of porosity reduction, as it is generally accepted that compaction results in porous flow liquid migration rather than channelization of the liquid (McKenzie 1984; Scott and Stevenson 1986; Gutierrez et al. 2002; Chauveau and Kaminski 2008) . The dominant effect of compaction in Fe-Ti oxide-bearing cumulates is moreover illustrated by the high aspect ratio of their plagioclase crystals (Fig. 3b) and the development of a very well-defined mineral lamination (Fig. 2) , two features generally interpreted as resulting from crystallization under uniaxial stress during compaction (Meurer and Boudreau 1998b) . Mineral lamination is also supposed to act as a mechanical guide for porous fluid migration (Vanderhaege 2001) .
Conclusions
Stratigraphic evolution of whole-rock trace element contents (Cr, V, Zr and P) and detailed plagioclase compositional profiles (An content) in cumulates of the Sept Iles layered intrusion have been used to show that both compaction and compositional convection operate to expel the intercumulus melt from the crystal network or to exchange it with the liquid from the main magma chamber. However, the relative efficiency of these two processes varies with differentiation. Before the appearance of Fe-Ti oxides in the intercumulus assemblage, compositional convection cannot operate due to a stable liquid density distribution within the crystal mush. The initial porosity reduction thus results from compaction of the crystal mush until the residual porosity reaches 30%. The onset of compositional convection due to the decreasing density of the pore liquid then starts to exchange the intercumulus liquid with that of the main magma chamber. Compositional convection is confirmed by the thick external rims of plagioclase buffered to An 61 , which suggest a constant composition for the solidifying intercumulus liquid. The composition of the plagioclase rims also indicates that compositional convection starts rapidly after the local saturation of Fe-Ti oxides in the pore space, as a consequence of decreasing intercumulus liquid density. In Fe-Ti oxide-bearing gabbros, intercumulus liquid migration results from a combination of compaction and simultaneous compositional convection. The homogeneously low trapped liquid fraction in these rocks suggests that liquid migration has occurred as a porous flow, which contrasts with the heterogeneous distribution of P in troctolites that suggests channelized liquid flow. 
